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lgnition, Combustion and Flame
Control by Nonequilibrium Plasma

1814 — Brande. Flame/Field Interaction

W.T. Brande. Phil.Trans.Roy.Soc., 1814,104, 51.

In 1860 Etienne Lenoir used an electric spark
plug in his gas engine, the first internal
combustion piston engine and is generally
credited with the invention of the spark plug

Physics of Nonequilibrium
Systems Laboratory



Propulsion Efficiency and Operating Regimes for
Variety of Flight Systems

Airbreathing and Rocket Vehicle
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Lean Ignition for Gas IC Engines
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GTE Lean Regimes

T=700-1300K
P=20-30atm
W=10-1000 MW
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Temperature, K

Decreasing of Ignition Delay Time -
1994




Kinetic Model:
Previous Versions
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Predictive Modeling:
Key to Applications
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Princeton Plasma Combustion Kinetics
Major Pathways

Ar 0, N, H, C,H,0,
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Princeton Plasma Combustion Kinetics
Major Pathways

Ar 0, N, H, C,H,0,

Electronic levels excitation by electron impact. k = f(E/n)

N,, O, C,H,0, H,, 0, C,H,0,
H,, C,H,0,

|

Collisional quenching of excited states Direct dissociation by electron impact

l “Hot” atoms and radicals formation
Electronically-excited particles formation l
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Princeton Plasma Combustion Kinetics
Major Pathways

Ar 0, N, H, C,H,0,

Vibrational levels excitation by electron impact. k = f(E/n)

ﬁ Reactions of vibrationaly excited molecules

N,(v) + O; N,(v) + H, H,(v) + O - H + OH(w)
N,(v) + H,0; N,(v) + CH, H,(v) + OH > H,0+H

Slow Gas Heating Formation of vibrationaly-excited products
Energy transfer to reagents Energy transfer to buffer

N,(v) + HO, > N, + HO,(w) OH(w) + N, = OH + N,(v)

Reactions of vibrationaly excited molecules

HO,(w) > H + 0, OH(w) + H, > H,0 +H
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Cross-sections Available

L “

CH4 C2H2 co iso-butane
C2H6 C2H4 CH3OH iso-propane

C3HS8 C3H6 C2H50H neo-pentane
C4H10 CH30OCH3 DME

C5H12

H2




N2(+)+02=N2+02(+)

N2 (+)+02=>N2+02(+)
N2(+)+02=>02(+)+N2

N2(+)+0=N+NO(+)
N2 (+)+0=N2+0(+)

N2 (+)+03=>N2+0+02(+)
N2(+)+N2(a3su)=>N+N3(+)
N2 (+)+NO=N2+NO(+)

N2 (+)+N20=>N2+N20(+)
N2(+)+N=N(+)+N2

N2(+)+H2=H2(+)+N2
N2 (+)+H20=H20(+)+N2

N2(+)+CO =>CO(+)+N2
N2(+)+C02=>C02 (+)+N2

N2 (+)+N2+N2=N2+N4 (+)
N2(+)+N2+M=>N4 (+)+M
N2 (+)+N+N2=>N2+N3(+)
N2(+)+H2=>HN2 (+)+H

N2(+)+CH4=CH2(+)+N2+H2
N2(+)+CH4=CH3(+)+N2+H
N2 (+)+CH4=>N2+CH3(+)+H

N2 (+)+C2H50H=>N2+ H5C20(+)+H
N2 (+)+C2H2=>N2+C2H(+)+H

C2H(+)+e=C2+H

C2H(+)+e=CH+C
C2H(+)+C2H2=C4H2(+)+H
C4H2(+)+C2H2=C6H3(+)+H

C4H2 (+)+C2H2=C6H4 (+)+PHOTON
C4H2(+)+e=C4H+H
C6H3(+)+e=C6H+H2
C6H3(+)+e=C6H2+H

C6H4 (+)+e=C6H+H2+H

C6H4 (+)+e=C6H2+H2

N2(+)+C2H4=>N2+C2H3(+) + H
C2H3(+)+e=C2H2+H

N2 (+)+C2H6=>N2+C2H5(+)+H
N2(+)+C3H8=>N2+C3H7 (+)+H

N2 (+)+C4H10=>N2+C4H9 (+)+H
N2(+)+C5H12=>N2+C5H11(+)+H

PAC Kinetic Mechanism

O(-)+N(+)=N+0

0(-)+N(+) +02=>N0+02
0(-)+N(+) +N2=>N2+NO

0(-)+0(+)=>0+0(5p)
0(-)+0(+)=>0(1d)+0(5s)
0(-)+0(+)=0+0

0(-)+0(+)+02=>02+02
0(-)+0(+)+N2=>N2+02

0(-)+N2(+)=>N2+0
O0(-)+N2(+)=>N+N+0
0(-)+N2(+)+N2=>N2+N20
0(-)+N2(+)+02=>N20+02

0(-)+02(+)=>0+02
0(-)+02(+)=>0+0+0
0(-)+02(+)+02=>02+03
0(-)+02(+)+N2=>N2+03

0(-)+N3(+) =>N+N2+0
0(-)+NA(+) =>N2+N2+0
0(-)+04(+)=>0+02+02

0(-)+H2(+)=>H+0H
0(-)+CH4(+)=>H2+CH3
0(-)+C2H2(+)=>H2+C2H
0(-)+C2H50H(+)=>H2+H5C20
0(-)+C2H4 (+)=>H2+C2H3
0(-)+C2H6(+)=>H2+C2H5
0(-)+C3H8(+)=>H2+C3H7
0(-)+C4H10(+)=>H2+C4H9
0(-)+C5H12(+)=>H2+C5H11

O(-)+NO(+) =>NO+0
0(-)+NO(+) =>N+0+0
0(-)+NO(+)+02=>N02+02
O(-)+NO(+)+N2=>N2+N02

0(-)+NO2(+) =>N02+0

0(-)+NO2(+) =>NO+0+0
0(-)+NO3(+) =>NO+0+02
0(-)+N20(+) =>N+NO+O
0(-)+N20(+) =>N20+0

0(-)+N30(+) =>N2+NO+0
0(-)+N202(+)=>NO+NO+0
0(-)+N202(+)=>N2+0+02

H2(v)+N2=H2+N2
LT /-144.9 0.0/

H2 (V) +02=H2+02
LT /-144.9 0.0/

H2(v)+C02=H2+C02
LT /-144.9 0.0/

H2(v)+H20=H2+H20
LT /-144.9 0.0/

H2(v)+H2=H2+H2
LT /-144.9 0.0/

H2 (V) +OH=H2+0H
LT /-144.9 0.0/

H2(V)+H=H2+H
LT /0.0 0.0/

H2(v)+0=H2+0
LT /0.0 0.0/

CH4(V)+CHA4=CH4+CH4

LT /-40.0 0.0/

CHA (V) +M=CH4+M
LT /-61.0 0.0/

C2HB(V)+M=C2H6+M
LT /0.0 0.0/

C2H2 (V) +M=C2H2+M
LT /0.0 0.0/

C2HA (V) +M=C2H4+M
LT /0.0 0.0/

C2H50H(v)+M=C2H50H+M

LT /0.0 0.0/

C3H8(Vv)+M=C3H8+M
LT /0.0 0.0/

CAH10(V)+M=C4H10+M

LT 70.0 0.0/

C5H12(v)+M=C5H12+M

LT 70.0 0.0/

N2 + CO2(V) = CO2 + N2(V)

02(v) + H = 0 + OH(V)

H2(v) + O = H + OH(V)

CH4(v) + O = CH3 + OH(V)
C2H2(v) + 0 = C2H + OH(Vv)
C2H4(v) + 0 = C2H3 + OH(Vv)
C2H6(V) + 0 = C2H5 + OH(V)
C2H50H(v) + O = H2C20 + OH(Vv)
C3H8(v) + 0 = C3H7 + OH(Vv)
C4H10(v) + O = C4H9 + OH(V)
C5H12(v) + O = C5H11 + OH(V)

H2+0H(V)=H+H20
CH4+0H(V)=CH3+H20
C2H4+0H(V)=C2H3+H20
C2H2+0H(V)=CH3+CO
C2H6+0H(V)=C2H5+H20
C3H8+0H(V)=NC3H7+H20
C4H10+0H(V)=PC4H9+H20
NC5H12+0H(V)=C5H11-1+H20

H(T) + H2 = H + H2

H(T) + M =H + M

O(T) + H2 = 0 + H2

oM +M=0+M

02 + H(T) = 0 + OH(V)

H2 + O(T) = H + OH(Vv)

CH4 + O(T) = CH3 + OH(V)
C2H2 + O(T) = C2H + OH(v)

C2H4 + O(T) = C2H3 + OH(V)
C2H6 + O(T) = C2H5 + OH(V)

C2H50H + O(T) = H2C20 + OH(V)

C3H8 + O(T) = C3H7 + OH(V)
C4H10 + O(T) = C4H9 + OH(V)
C5H12 + O(T)

HO2(v) = 02 + H
H202(v) = OH + OH

TH202+0 = OH+HO2
TH202+0H = H20+HO2
THO2+0 = OH+02
THO2+OH = H20+02

C5H11 + OH(V)

N2(c3pu)=>N2(b3pg)
N2(c3pu)=>N2(b3pg)+hn

N2(c3pu)+N=>N+N2(b3pg)
N2(c3pu)+N=>N(2p)+N2

N2(c3pu)+N2=>N2+N2
N2(c3pu)+N2=>N2(a"1)+N2
N2(c3pu)+N2=N2+N2(a"1su)

N2(c3pu)+N2=N2+N2(alsu)

N2(c3pu)+N2=N2+N2(b3pg)

N2(c3pu)+02=>N2+20(T)
N2(c3pu)+02=>N2+20(T)
N2(c3pu)+02=>N2(a3su)+02
N2(c3pu)+02=>N2+0(T)+0(1d)
N2(c3pu)+02=>N2+02

N2(c3pu)+NO=>N2+NO

N2(c3pu)+H2=>N2+2H(T)

N2(c3pu)+CH4=>N2+CH3+H(T)
N2(c3pu)+CH4=>N2+CH2+2H(T)
N2(c3pu)+CH4=>N2+CH2+H2
N2(c3pu)+CH4=>N2+CH+H(T)+H2

N2(c3pu)+C2H2=>N2+C2H+H(T)
N2(c3pu)+C2H2=>N2+CH+CH

N2(C3pu)+C2H4=>N2+C2H3+H(T)
N2(c3pu)+C2H4=>N2+C2H2+2H(T)
N2(c3pu)+C2H4=>N2+CH2+CH2

N2(c3pu)+C2H6=>N2+C2H5+H(T)
N2(c3pu)+C2H6=>N2+C2H4+2H(T)
N2(c3pu)+C2H6=>N2+C2H4+H2
N2(c3pu)+C2H6=>N2+CH3+CH3

N2(C3pu)+C2H50H=>N2+C2HA0H+H(T)
N2(c3pu)+C2H50H=>N2+C2H30H+2H(T)
N2(c3pu)+C2H50H=>N2+C2H5+HO
N2(c3pu)-+C2H50H=>N2+CH3+CH20H

N2(C3pu)+C3H8=>N2+C3H7+H(T)
N2(c3pu)+C3H8=>N2+C3HE+2H(T)
N2(c3pu)+C3H8=>N2+C3H6+H2
N2(c3pu)+C3H8=>N2+CH3+C2H5

N2(c3pu)+C4AH10=>N2+CAHO+H(T)
N2(c3pu)+C4AH10=>N2+CAH8+2H(T)
N2(c3pu)+C4H10=>N2+CAH8+H2
N2(c3pu)+C4H10=>N2+CH3+C3H7
N2(c3pu)+C4H10=>N2+C2H5+C2H5

N2(C3pu)+C5H12=>N2+C5H11+H(T)
N2(c3pu)+C5H12=>N2+C5H10+2H(T)
N2(c3pu)+C5H12=>N2+C5H10+H2
N2(c3pu)+C5H12=>N2+CH3+C4H9
N2(c3pu)+C5H12=>N2+C2H5+C3H7



PAC Pathways: C,H,-air

C:H, C:Hs ; CH,




PAC Pathways: C,H,-air
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PAC Pathways: C,H,-air




Pathway analysis in ignition process at the time of T=1360K
for O =1, Ar=92%, P=2.1atm and initial T=1350K. Konnov, 2014

f t N l
i :II::—( AR - ( :llh - ‘ \ 3

CHO

co

(LLNL nButane mechanism)

P i ] \

(11 — 1 Call4 CHy CiH: =

(Konnov mechanism) (UCSD mechanism)



Where PAC Experimental Data is Available

Dashed lines: 0.03, 0.1, 0.3, 1, 3 and 10 n(atm)
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Avalanche to Streamer Transition in Uniform

Electric Field (air, 1 bar, 300 K, 1 cm, various E/n)
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Princeton Plasma Combustion Kinetics
Mechanism Validation

T=300-800K

T=800-1700K

Slow Oxidation of H,, C1-C10
P =1-10 Torr

Pressure, torr

Fast Gas Heating Mechanism.
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Sensitivity Analysis for Discharge and Combustion Stages

C,H,OH:0,:Ar=2.5:7.5:90, exp 3

Ar(E=15.8eV)

CH,(S) - singlet state of methylene g Aut

Ar(E_=14.0eV)

Ar(E_=12.90eV)

Ar(E_=11.87eV)

Ar(E_=11.78eV)

C,H,OH+M=CH_+CH,OH+M . PAl
HOD N ICOHM
HCO+0,=CO+HO,

Ar(E_=11.62eV)

Ar(E_=11.54eV) CH,(S)+0,=CO+OH+H

gzzgflz.fex)) CH,+OH=CH,(S)}+H,0
=12.1¢e

O(E =8.4eV) CH,+HO,=CH,0+OH

O,(E.=5.58¢V) H+HO,=H +0,

O,(E.=4.5eV) =

C.H,OH(E =10.47eV) H+HO,=0H+OH
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C,H,OH(E =10.2¢V)

CHOH(E=88eV)
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SDBD Discharge and Fast Heating

Gate = 0.5 ns
Time shift between frames is 1 ns

The movie duration is 41 ns

Impulse Parameters S v
V=14 kV

_ < 0,05 %
tl/z ol 20 nS “g 0.00 NA 15
Frequency = 1 kHz © ol "
Velocity = 0.4 mm/ns . | 0

1.0

o
oo
l

1

Fractional Energy

P =760 Torr

—534— Experiment, E/n = 1250 (air) - 1750 (N2) Td
Calculatons, E/n= 1000 Td

T T T v T T T T T T T
05 06 07 08 09 1.0

N2 Fraction

Voltage, kV
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Potential Energy Curves
of Molecular Hydrogen
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Potential Energy Curves
of Molecular Oxygen

Y ; =1 amraty ]
Y L e e ot e
e o('D)+0('1,
\ AE~1eV ,( A ,f
= - 0(%r)+0('D)
%5’ - 52.; AE~1.5eV
% 5 u's)
T 0P|
—— 0(F)* 01%P°)
_—;:_E'F-E“h
i
0,(A3% %), 4.5 eV
6. =0.18 A2(6.6 eV)
0,(’I1y), 5.6 eV
6. =0.16 A2(12 eV)
008 012 016 920 0,24 0,28 0,(B%,), 8.4 eV
- 6. =1.0A2(9.4eV)




Potential Energy Curves
of Molecular Nitrogen

-

Pl |

| 735 b [ |
// -~ Zgully N(Z0%+N[2DY) N (A3Z +) 6 eV
e =2 ,6.2¢e
aﬁg,‘._;"#s, ]43% {fpa 2 _ n 2
7 | === NESTNEPT | | Opax = 0.08 A% (10 eV)
A T Y,
e o7, | N,(B3I1,), 7.35 eV
syr~L | WXy s en() | | Omax = 0.20 A2(12 eV)

N i) o i
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Major Channels of Hot Atoms
Production

N, + e = N,(CII)) +e; k =f(E/n)
N,(C3I1I ) +H, =N, + 2H(!S) + 6.55 eV; k=3.2x101% cm3/s
N,(C3I1 )+ O, =N, + 20(3P,'D) + 3.9 eV; k = 2.7x1010 cm3/s
O, +e=e+20(°P,'D) +1.3 eV; k =f(E/n)

H,+e=e+2H(!S)+4.4eV; k =f(E/n)



Chain Initiation/Branching Reactions

H+0,=0+0OH

H+0,+M=HO,+M

O+H,=H+OH

0+0,+M=0;+M

H(hot) + (N,,H,) =H + (N,,H,)
O(hot) +(N,,0,) =0 +(N,,0,)
H(hot) +0,=H+0+0
H(hot) +H,=H+H +H

O('D) + (M) =0 + (M)

k =1.6x101°x exp(-7470/T) cm3/s
k(300) = 2.5x10°2! cm3/s
k(hot) = 1.6x101% cm3/s
k(300, 1 atm) = 1.6x1012cm3/s T

crit

~ Tautoignition
k = 8.5x102% x T267 x exp(-3160/T) cm3/s
k(300) = 9.3x10°28 cm3/s

k(hot) = 1.5x1019 cm3/s

k(D) =1.1x1019 cm3/s

k(300, 1 atm) = 2.2x10*cm3/s T

crit

~ 650K

k~2m/M kg ™ 1.6x101°cm?3/s
k~2m/M kg ™ 1.3x101%cm3/s

k=2.6x1011cm3/s (M =0,)
k=1.3x101cm3/s (M =N,)
k =5.2x101cm3/s (M = H,)



Relative Rate of Radicals Production

Radicals Production Increase
in Cold H,-Air Mixture
Due to Hot Atoms Formation

1

O(1D)
Hot H Atoms
H+O Hot Atoms

I L) ) L) I L) I
100 200 300 400 500
E/n, Td




Mechanism of Fast Heating In
Discharge Plasmas (high E/N)

e+0,">0+0"+AE
O, +0,"+ M- 20,+ M+ AE

60—
40—
30—

20

10

Aleksandrov&Starikovskiy, 2010

—-Bn_=10", p=20 Tor
—®—Cn_=10", p=20 Tor
—[+—D neo=1014, p=1 atm
—D—En_=10", p=1 atm

e+0,>0,+0,+AE

High (> 200 Td) E/N:

electron-ion and
ion-ion
recombination
kinetics

E/N, Td



Fractional power, %

Fractional Electron Power Transferred
Into Heat in N,:O, Mixtures

1.0 T T T T T T T T T T
E/N =103 Td -
5
T 06 2
S
- 04
=
0.2 4 ] -
—X— Experiment, E/n = 1250 (air) - 1750 (N2) Td
Calculatons, E/n = 1000 Td
0.0 T T T T T T T T T ’ T
0.5 0.6 0.7 0.8 0.9 1.0
N2 Fraction
= n_=10° om® 1 aim Oxygen is required
—®—n,=10" cm” 1 atm for efficient fast heating!
/ ~-0--n_=10" cm™ 300 Tor
{5 ~-0--n_=10" cm™ 300 Tor
AB* + O, (+ M) - products + AE
0,0 0,1 0,2 0,3 0,4 0,5 N,(A,B,C,a) + O, > e + 20 + AE

Mole fraction of 02



Experimental Setup

Current Eleictric Gauge

Shunt

|

Pulse

Generator

-
U

|

Pressure
auge

G
i

PS

PS

PS




INTENSITY, ARB.UN.

Hexane Oxidation by Pulsed Nanosecond
Discharge

100 @ 1.=430Hm (CH(A)+CO,’(B)) (reagents)
® 1=430HMm (CO,’(B)), products

RN
o

O

Q

©

O
N}

c
1.2 . . 1 5 10
£
@
i v b b M'» 1 107
“ HV ) ' - —
e oAy | 2
8 —— COB-A) |20
OH(A-X) =
—— CO,'(B-A)
6 P= 4.8 torr,| 1071 | | | |
CH,,+t0O, 0.0 0.2 0.4 0.6 0.8
4 100
i
g'% 0+
Ego-so-
N s EEw
U T o
0 20 40 60 80 3 5™
. 2 -250 mﬁﬂeﬁm
Tlme, S E (% —| electric filed
-300 I T T T T T
) 0 10 20 30 40 50 60 70
Physics of Nonequilibrium Time, ns

Systems Laboratory



Hydrocarbon Oxidation Efficiency for
C,-C;/ O, / Air Mixtures

i, Fair

___f;,GH12,14+air

0 2 4 6 8 10 12
Physics of Nonequilibrium Pressure, torr

Systems Laboratory



Calculated and Measured Times of Oxidation

300

200 1

Time, s

M _____

B CH4+02 (exp)
Bl C2H8+02 (axp)
€ C2H50H+02 {axp)

| |m__/

-
_____ N

— 2HEH0Z (cals., E=T0%)
C2H50H+02 {cale., E=T0%)
CH4+02 (eals., E=70%)
— H2+02 (cale., E=70%)
—— C2H6+02 (cale., E=90%)

4

6

Pressure, torr

10

12



Chemical Reactions with Excited
Reagents

AB(V)+C = A +BC(w)

Rate constant from
modified o.-model
(Starikovskii, Lashin 1996)

K(Too, Ti)/K(Ty)

K(T o Tu)/K(Ty)

L
1 2 3% 4 b 6 7 8 9 10

T/ T
H,(v=1) + O = OH(w=1) + H (R1)
H,(v=0) + O = OH(w=0) + H (R2)
(Kr1/Kra)exo = 2600 (O’Neal, Benson 1973);  (Kg1/Kgy)ineor = 2750
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Influence of Vibrational Excitation on
Low-Temperature Kinetics

N, +e=N,(C?) +e
o N,(C})+0,=N,+0+0
O,+e=0+0+e
CH4-air N, +e=N,(v)+e
N,(v) + HO, = N, + HO,(v)

HO,(v) = 0, + H

1.2x10"

® © & O

1.0x10"

©

F,cm®

OH LI

0.0
0.1
Time, us Methane Eq=0.1 —m— OH LIF, Grisch et al, Eq=0.05, a.u.
» 300K
14 A 400K
1.2x10 n 500K
= 600K
~ T00K
1.0x10" -8 £ 3 800K
R ©
3
8.0x10™ 5
S
o 300K . =
> % 5 400K C4H10-air S
6.0x10" o & e 500K e
. &
@ % )
\ || e
4.0x10" @
e 800K
2.0x10"

Experiments: L Wu, J Lane, N P Cernansky, D L Miller, AA Fridman,
Time, ps A Yu Starikovskiy, Proc. of Comb. Inst., 2010

Modelling: D Levko, A | Schedrin,V V Naumov, S Starikovskaia, 2010



Influence of Vibrational Excitation on Low-
Temperature Kinetics: H,0, Decomposition

10000 4——

1000 4——

— : S S [N S o ——& 10005 S — — &
T ===
b e L

OH decay Time, us
OH decay Time, us

X Experiment |
Tvib = Ttr
Tvib >> Ttr

T

V e

— | | 04— / -
/ : E oy / e ® Experiment C
/ e ] ﬁ/ 0% Tvib = Ttr
: . Tvib >> Ttr
10 . . 1 ; . — ,
300 600 700 800 900 300 400 500 600 700 800 900
T, K T,K

Measured and calculated OH decay time. P =1 atm.

a) 3%H, + air; b) 0.3%C,H,, + air.

Physics of Nonequilibrium Systems Laboratory



Plasma Shock Tube
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E/n, Td

n.m

Discharge Dynamics
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Active Particle Production — Discharge Phase

U, -9436m/s P, =17 Torr; P, = 1.04 atm; T, = 1525 K

1E15

1E14 o—

1E13 4—

N2(C3)
02(4.5)
Ar(12.9)

1E12 E 02(14)

02(5.58)

. -3
Concentration, cm

1E11 4—

1E10 == S

1E9 -4

1 10 100

Time, ns



Tauto/T PAI

Plasma Ignition Sensitivity
0.1 eV/mol

/

Plasma assisted
ignition efficiency
Q=0.1 eV/mol

el H2:Air
=@=—CH4:02:Ar
== CH4:Air:Ar
== C2H2:02:Ar
e s C2H2:02:Ar, ¢=0.5
—@— C2H50H:02:Ar

o= C2H50H:02:Ar, $=0.5
== C2H6:02:Ar
i C2HB:Air:Ar
=P C3H8:02:Ar
== C4H10:02:Ar
e« C5H12:02:Ar

0.6 0.7 0.8 0.9 1.0 1.1 1.2
1000/T, K



Princeton Plasma Combustion Kinetics
Major Pathways

Ar o, N, H, CHO,

lonization by electron impact. k = f(E/n)

-_—

Ar, N, 0, 102, CH,0, l N,, 0, C,H,0, l 0, CH,0, C,H,0,
H,, CH,0, H transfer

Charge transfer, negative and complex ions formation

Electron-ion recombination

0," 0,4, CH .0, l

a4r =y

Molecule-ion reactions

lon-ion recombination

1 0, +N,% 0, +CHO,* l 0, +H; 0 +H,

Electronically-
excited

electron detachment
“Hot” atoms and
molecules formation

particles formation l

Princeton Plasma Combustion Kinetics
Major Pathways

N,(v) + O; Ny(v) + H,
N,(v) + H,0; N,(v) + C.H,

H,(v) + 0 = H + OH(w)
Hy(v)+OH > H,0+H

Formation of vibrationaly-excited products
Energy transfer to buffer

| N,{v) + HO, 3 N, + HO,(w) | OH(w) + N, OH + N,(v)

Reactions of vibrationaly excited molecules

| HO,(w) > H+0,

Slow Gas Heating

Energy transfer to reagents

OH(w) + H, 5 H,0 + H |

Princeton Plasma Combustion Kinetics
Major Pathways

Ar 0, N, H, CH,0,

Electronic levels excitation by electron impact. k = f(E/n)

N,, O, CH,0, H; 0, CH,0,
H, C,H,0,
Collisional quenching of excited states Direct dissociation by electron impact

1 “Hot” atoms and radicals formation
Electronically-excited particles formation l

<

4 ¥

Fast Gas Heating

Princeton Plasma Combustion Kinetics
Mechanism Validation
T=300-800K

T=300K T=2800-1700K

Slow Oxidation of H,, C1-C10 n Delay Time Reduction.
P =1-10 Torr -C5, GHy, CHsOH — 05-Ar
Mixtures. P = 0.3-0.5 atm
%_9_3_
= ; a ] i =
_ i ’_“;,_g_?;g; -
¥ou o#]
idation Chains Development

in Lean H,, CO, C1-C4 - Air
Mixtures. P=1 atm

Fast Gas Heating Mechanism.
N,-0; mixtures P=0.2 — 1 atm

1000/T, K*

Sensitivity Analysis for Discharge and Combustion Stages

C.H,OH:0Ar=25:7.5:90. exp 3

H,1S) - singiet stats of smethgiens
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Other Major Results

Relative Rate of Radicals Production

OH decay Time, us
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3 NEW MECHANISMS:

* Radicals Production Increase Due to Translationally
Hot Atoms Formation

* Mechanism of Fast Heating in Plasmas at high E/n

« Vibrational Decomposition of Peroxides (HO2,
H202, etc)

EXPERIMENTAL DATABASE:
* Plasma Ignition Delay Time database for H2, C1-
C5, acetylene, ethylene, ethanol

10° 4 /7
10" 3

10° 4

7 -4
10° —/ }”

Plasma assisted
ignition efficiency
Q= 0.1 eVimol

/TPAI

== H2:Air
=@—CH4:02:Ar

=@ CH4:Air.Ar

i C2H2:02: Ar
== C2H2:02:Ar, $=0.5
—&— C2H50H:02:Ar
== C2H50H:02:Ar, $=0.5
=~ C2H6:02:Ar

W= C2HB6:Air.Ar

= C3H8:02:Ar
== C4H10:02:Ar
b= C5H12:02:Ar
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